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Abstract. Full suite of the present day Cosmic Microwave background (CMB)
data, when combined with weak prior information on the Hubble constant and the
age of the Universe, or the Large-Scale structure, provides strong indication for a
non-zero density of the vacuum-like dark energy in our universe. This result indepen-
dently supports the conclusions from Supernovae Ia (SN1a) data. When the model
parameter space is extended to allow for the range of the equation of state parameter
wQ for the dynamical field Q which gives rise to dark energy, the CMB data is found
to give a weak upper bound wQ < −0.4 at 95% CL, however combined with SN1a
data it strongly favours wQ < −0.8, consistent with Λ-term like behaviour.
Measurements of anisotropies in the cosmic microwave background (CMB)
radiation now tightly constrain the nature and composition of our universe.
High signal-to-noise detections of primordial anisotropies have been made at
angular scales ranging from the quadrupole [2] to as small as several arcmin-
utes [11, 13, 5]. Within the context of models with adiabatic initial per-
turbations, as are generally predicted by inflation, these measurements have
been used in combination with various other cosmological constraints to esti-
mate the values of many important cosmological parameters. Combining their
CMB data with weak cosmological constraints such as a very loose prior on
the Hubble constant H0, various teams have made robust determinations of
several parameters, including the total energy density of the universe Ωtot, the
density of baryons ωb = Ωbh
2, h = H0/100 km/s/Mpc, and ns, the spectral
index of primordial perturbations [9, 1, 15, 12].
In Table 1 we present some of our results for the cosmological param-
eters together with 68% CL errors, obtained from the latest suite of CMB
observations. Full details can be found in [16, 6]. Our analysis has included
Acbar [8],Archeops [3], Boomerang [16], CBI [13], DASI [7], MAXIMA [10],
VSA [17] and COBE-DMR [2] data. Combining these highly consistent
datasets allows for a very tight determination of the baryon and dark mat-
ter physical densities ωb and ωcdm and the slope of scalar perturbations ns,
even with no prior restrictions on the parameters.
Table 1. Cosmological parameters from combination of CMB experiments
Priors Ωtot ns ωb ωcdm ΩΛ τc
no prior 1.20.110.10 0.96
0.04
0.04 0.022
0.002
0.002 0.11
0.02
0.02 0.24
0.21
0.15 < 0.33
wk 1.060.040.04 0.95
0.04
0.03 0.022
0.002
0.002 0.12
0.02
0.02 0.56
0.13
0.14 < 0.31
wk+LSS 1.050.030.03 0.96
0.03
0.03 0.022
0.002
0.002 0.11
0.02
0.02 0.66
0.09
0.09 < 0.27
wk+SN 1.030.030.03 0.96
0.03
0.03 0.023
0.002
0.002 0.10
0.02
0.01 0.70
0.04
0.05 < 0.39
wk+LSS+SN 1.030.030.03 0.97
0.03
0.03 0.023
0.002
0.002 0.10
0.02
0.01 0.70
0.04
0.04 < 0.37
Ωtot = 1 plus
wk (1.00) 0.960.030.03 0.022
0.002
0.002 0.12
0.02
0.02 0.72
0.07
0.08 < 0.17
wk+LSS (1.00) 0.970.030.03 0.022
0.002
0.002 0.12
0.01
0.01 0.70
0.05
0.04 < 0.17
wk+SN (1.00) 0.960.030.03 0.022
0.002
0.002 0.12
0.01
0.01 0.71
0.05
0.04 < 0.18
wk+LSS+SN (1.00) 0.970.020.03 0.022
0.002
0.002 0.12
0.01
0.01 0.70
0.04
0.04 < 0.18
Here we shall focus on the parameters describing the vacuum (or dark)
energy, which may dominate the present day energy balance. In the minimal
parameter set of Table 1 the vacuum energy is assumed to behave as Λ-term
being described just by its density parameter ΩΛ. Supernovae Ia results [14]
provide a strong indication that ΩΛ > 0.
The non-prior CMB analysis exhibits persistent degeneracy in the Ωtot −
ΩΛ space (see Figure 1), which extends along the direction of the constant
angular size of the sound horizon at recombination — from closed models
Ωtot ∼ 1.2 with little if any vacuum energy contribution, to flat models Ωtot ≈
1, ΩΛ ≈ 0.7. The degeneracy is reduced and the high likelihood region is
concentrated near flat models with significant vacuum energy as soon as even
weak prior restrictions (“wk” in Table 1) are imposed on the Hubble constant
0.45 < h < 0.9 and the age of the universe t > 10Gyr, or when CMB data
is combined with the Large-Scale Structure (LSS) information, namely the
amplitude σ8 and the slope of density power spectrum on galaxy cluster scale
(see [6] for the details of the LSS prior). Thus, present day CMB data provides
new independent indication for non zero vacuum density. This conclusion is
significantly strengthened by the new data obtained this year, in particular, by
the Archeops team which has measured CMB temperature fluctuations in the
intermediate angular range l ∼ 20− 150, only weakly constrained by previous
data.
We note that the data indicates that the optical depth due to late-time
reionization in the Universe is not large, with 95% upper limit being in the
range τc < 0.3− 0.4. The exact value, however, is not yet robust.
The plausible interpretation of the dark energy is that it is the energy of a
“quintessence” scalar field Q, dynamical in origin, thus, ΩΛ = ΩQ. A popular
phenomenology is to describe additional complexity by one more parameter
Figure 1: Contour regions of the marginalized likelihood in Ωm = 1−Ωtot−ΩΛ
versus ΩΛ plane. Results from CMB data (blue) are superimposed on the
contours from SN1a data (orange). Shaded areas correspond to 68% and 95%
confidence regions in the Gaussian limit. Degeneracy of the likelihood along
the line of the constant angular size of the sound horizon exhibited by CMB
data (upper left) is reduced by either imposing a weak prior on the Hubble
constant and age (bottom left) or by the Large Scale Structure restrictions
(upper right) or both (bottom right).
wQ = PQ/ρQ, the ratio of the pressure PQ and the density ρQ of the field
which serves as an effective equation of state. As long as we do not have a
pure Λ term with wQ = −1, the wQ is expected to vary in time, but the
precision of CMB data does not yet warrant such detailed parametrization.
We consider wQ constant and restict our attention to inflation motivated flat
Ωtot = 1 cosmological models (this prior does not affect other parameters, cf.
lower part of Table 1). As another simplification we neglect the effect of late-
time perturbations in the Q field, which may affect CMB signal at the largest
scales. This effect is dependent in detail on the exact model for quintessence
potential (one should be cautioned not to extend the equation of state analogy
too far, and treat perturbations in the Q component hydrodynamically).
Figure 2 shows that CMB alone does not yield useful restriction on the wQ
Figure 2: Contours of marginalized likelihood for the parameters of the Q-field
ΩQ, wQ in the class of spatially flat Ωtot = 1 cosmological models. Left – CMB
with weak prior, right – joint CMB and SN1a results (blue) are superimposed
on SN1a limits (orange). Shaded regions correspond to 68%, 95% (the lightest
colour) and 99% CL limits in the Gaussian approximation.
(wQ < 0.4 at 95% CL) but its combination with SN1a data prefers at 95% CL
the low values wQ < −0.8, an improvement to the limit reported in [4].
Acknowledgements. We are grateful to Boomerang, CBI and Acbar collab-
orations with whom much of the work reviewed here has been done. The computa-
tional facilities at Toronto are funded by the Canadian Fund for Innovation.
References
[1] Balbi A., et al., 2000, ApJ 545, L1.
[2] Bennett C. L., et al. 1996, ApJ 464, L1.
[3] Benoit A., et al., 2002, submitted to A&A Letter, astro-ph/0210305.
[4] Bond J.R., et al., 2002, eds. V. Elias, R. Epp, R. Myers, in Theoretical Physics,
MRST 2002: A Tribute to George Libbrandt, AIP Conf. Proceedings 646, 15-33.
[5] Dawson K. S., Holzapfel W. L., Carlstrom J. E., LaRoque S. J., Miller A. D.,
Nagai D., & Joy M., 2002, American Astronomical Society Meeting, 200.
[6] Goldstein J. H., et al., 2002, submitted to ApJ , astro-ph/0212517.
[7] Halverson, N. W., et al., 2001, ApJL , preprint, astro-ph/0104489.
[8] Kuo C. L., et al., 2002, submitted to ApJ , astro-ph/0212289.
[9] Lange A. E., et al. 2001, PRD 63, 042001.
[10] Lee A. T., et al., 2001, ApJ 561, L1-L6.
[11] Mason B. S., et al., 2002, submitted to ApJ , astro-ph/0205384.
[12] Netterfield C. B., et al., 2002, ApJ 571, 604.
[13] Pearson T. J., et al., 2002, submitted to ApJ , astro-ph/0205388.
[14] Perlmutter S., et al., 1999, ApJ 517, 565-586.
[15] Pryke C., Halverson N. W., Leitch E. M., Kovac J., & Carlstrom J. E., 2001,
ApJL , preprint astro-ph/0104490
[16] Ruhl J. E., et al., 2002, submitted to ApJ , astro-ph/0212229.
[17] Scott P. F, et al., 2002, Submitted to MNRAS , astro-ph/0205380.
